Abstract Plants adjust their defense responses to target caterpillar herbivores. Their ability to do this is, in part, based on the recognition of salivary elicitors which are secreted during insect feeding. We are interested in identifying caterpillar-specific defense responses in the model legume, Medicago truncatula Gaertn. (Fabaceae). To do this, we have taken advantage of the fact that labial salivary secretions of caterpillars of the beet armyworm, Spodoptera exigua Hübner (Lepidoptera: Noctuidae), can be impaired by cauterizing the spinneret. Plant tissues were removed within 1 h after the initiation of herbivory, and differentially expressed transcripts were identified by cDNA-amplified fragment length polymorphism (cDNA-AFLP). Gene expression patterns of five differentially expressed transcripts and one constitutive gene were verified by quantitative real time-polymerase chain reaction (qRT-PCR). Genes encoding ribulose-1,5-bisphosphate carboxylase/oxygenase activase (rubisco activase; MtRCA), strictosidine synthase (MtSTR), an unknown protein (MtUNK), a zinc RING finger protein (MtRFP), and a receptor-like protein kinase (MtRPK) were constitutively expressed. In plants subject to mechanical damage or herbivory by caterpillars, lower expression of MtRCA, MtSTR, Mt UNK, and MtRFP was observed. In comparison, higher levels of MtRPK were expressed in a caterpillar-specific manner.
Introduction
For a plant to respond appropriately to biotic attack, perception of the stress and targeting plant defenses against the herbivore or pathogen is critical (Kessler and Baldwin 2002; Kessler and Halitschke 2007; Walling 2000) . General induced responses to chewing herbivores, such as caterpillars, are primarily mediated by octadecanoid hormones, such as jasmonic acid; however, other phytohormones such as ethylene and abscisic acid are also important regulators, and growing evidence suggests the involvement of auxin and nitric oxide (Ferry et al. 2004; Gatehouse 2002; Hermsmeier et al. 2001; Schilmiller and Howe 2005; Zhu-Salzman et al. 2005) . These signaling pathways form complex interconnected networks through signaling nodes which fine-tune the plants' defense response against the caterpillar herbivore. Plant responses are initiated after the perception of herbivory through signals such as oligogalacturonides released from the cell wall which result in electric signaling and calcium influxes and a rapidly induced, transient production of reactive oxygen species (Léon et al. 2001; Maffei et al. 2007; Ryan 1994) . Further specificity of plant defenses against the herbivore are achieved through the integration of plant responses to caterpillar signals, such as footsteps or elicitors present in the insect oral secretions (Hall et al. 2004; Kessler and Baldwin 2002) . Particularly, semiochemicals secreted in the oral secretions of phytophagous insects have been shown to participate in the plants' recognition of specific pests (Alborn et al. 1997; Musser et al. 2002) .
As they feed, caterpillars use oral secretions to transport the ground leaf tissues into their mouthparts. These oral secretions, which include regurgitant and labial and mandibular saliva, contain a milieu of potential elicitors that are recognized by the plant and shape its defense response. Treatment of wounded corn seedlings with volicitin, which is found in caterpillar regurgitant, induces the synthesis and release of volatiles that lure predators or parasitoids of the herbivorous caterpillar to the plant and/or act to prime plant defenses (Alborn et al. 1997; Engelberth et al. 2004; Kessler and Baldwin 2001; Turlings et al. 2000; von Dahl et al. 2006; von Dahl et al. 2007) . Labial saliva contain a number of enzymes, such as glucose oxidase (GOX), lysozyme, and ascorbate peroxidase (Eichenseer et al. 1999; Liu et al. 2004; Mathews et al. 1997; Merkx-Jacques and Bede 2005) , which function to initiate digestion, detoxify noxious plant chemicals, or may be antimicrobial. In addition, GOX may be a caterpillar mechanism to circumvent induced plant defenses (Bede et al. 2006; Musser et al. 2002) .
GOX catalyzes the oxidation of glucose to produce gluconic acid and hydrogen peroxide (H 2 O 2 ). Depending on the temporal and spatial levels in the plant, the signaling molecule H 2 O 2 may act as an upstream signal for phytohormone biosynthesis, such as ethylene, or activation of proteins, such as NPR1, which may result in the attenuation of defense-related, octadecanoid-dependent responses (Chamnongpol et al. 1998; McGrath et al. 2005; Mou et al. 2003; Pieterse and van Loon 2004; Thines et al. 2007 ). Also, this antimicrobial agent may serve to protect the caterpillar against pathogens present on the leaf surface (Eichenseer et al. 1999; Musser et al. 2005b) . Caterpillar salivary GOX gene expression and enzyme activity is affected by the diet the insect is feeding upon (Bede, unpublished data, (MerkxJacques and Bede 2005; Peiffer and Felton 2005) . When protein intake is sufficient, GOX activity correlates to the glucose content of the diet. Caterpillar development, survival, and later, adult fecundity are greatly impacted by the nutritional intake of the larval instars. Consequently, salivary GOX may be a mechanism for caterpillars to cope with excess dietary carbohydrates by metabolizing glucose to gluconate, which is not metabolized by the insect (Babic et al. 2008) .
Therefore, salivary GOX may be a mechanism for caterpillars to undermine plant defense responses by interfering with octadecanoid-dependent induced defenses (Musser et al. 2002 (Musser et al. , 2005a ; however, enzyme activity reflects the nutritional quality of the plant diet (Babic et al. 2008; Merkx-Jacques and Bede 2005; Peiffer and Felton 2005) . Given this intricate balance between the plant and its herbivorous caterpillar, the goal of this study is to understand the role of salivary elicitors, which include GOX and other enzymes, in the transcriptional regulation of plant defense responses. The robust differential display technique cDNA polymorphism (cDNA-AFLP) was used to identify caterpillar-specific gene expression in plants which is mediated by salivary elicitors.
Six-week-old Medicago truncatula Gaertn. plants were subjected to herbivory by fourth instar caterpillars of the beet armyworm, Spodoptera exigua Hübner (Lepidoptera: Noctuidae). M. truncatula is a diploid relative of the agriculturally important forage crop alfalfa (M. sativa) and has become established as a tractable model for studying legume biology (Cannon et al. 2005; Town 2006 ). The beet armyworm is a generalist agricultural pest in Asia and southern parts of North America (Azidah and Sofian-Azirun 2006; Greenberg et al. 2001) . To identify caterpillar-specific gene expression, herbivory by caterpillars with normal salivary functions was compared to caterpillars which had their spinnerets cauterized, thereby preventing salivary secretions. Expression of five genes, which were identified by cDNA-amplified fragment length polymorphism (cDNA-AFLP), were verified by quantitative real time-polymerase chain reaction (qRT-PCR).
Materials and Methods

Medicago truncatula
Seeds of M. truncatula cv Jemalong were scarified in sulfuric acid (15 min) to break dormancy and sown in pasteurized soil. Plants were watered with one sixth dilution of 20:20:20 NPK three times per week and grown in environmental growth chambers (22°C, 260 μEm −2 s −1 , 16 h light, and 8 h dark). At 5 weeks, plants were repotted and transferred to the greenhouse for 1 week. Plants were kept in large plastic bins which were covered with a mesh cloth to provide additional protection against any pests present in the greenhouse.
Spodoptera exigua
S. exigua eggs were obtained from the GAST Insect Rearing Facility (Stoneville, Mississippi), and caterpillars were reared on an artificial wheat germ-based diet (Bio-Serv), in a growth chamber (16:8 light/dark hours; 28 to 40% relative humidity; 28.5°C). Fourth instar S. exigua larvae were used in the herbivory experiments. Caterpillars were raised on artificial diet, but transferred to "feeder" M. truncatula plants for approximately 24 h before the experiments.
Spinneret Ablation and Detection of Salivary Glucose Oxidase
To allow comparison between salivary-specific and general plant responses, one group of caterpillars had their spinnerets cauterized shut with a hot needle, inhibiting labial salivation while not affecting their feeding behavior (Bede et al. 2006) . Early fourthinstar caterpillars were cooled on ice and placed under a stereomicroscope. The spinneret was cauterized with a hot metal probe (Musser et al. 2002) . Immediately after cauterization, caterpillars were placed on artificial diet and allowed to recover for 3-5 h. The success of cauterization was tested using a horseradish peroxidase (HrP)-o-diaminobenzidine (DAB)-coupled reaction (Bergmeyer 1974) . Caterpillars were allowed to feed for approximately 2 h on Whatman 21 mm diameter glass microfiber filter discs (Fisher Scientific) moistened with 300 μl glucose:sucrose solution (1:1, 50 mg/ml of each, Sigma). Discs chewed by the caterpillars were treated with 150 μl of 3,3′-diaminobanzidine tetrahycrochloride (1 mg/ml, pH 5.8, Sigma) and 150 μl horseradish peroxidase (2.5 U in 50 mM potassium phosphate buffer, pH 7.0, Sigma). The presence of salivary GOX was indicated by a dark brown precipitate.
Greenhouse Experiment
Plants were spatially segregated in treatment groups on the greenhouse bench to avoid the potential influence of airborne volatile signals on gene transcription. Plants were subject to one of four treatments: undamaged (ctl), wounding (wnd), herbivory by caterpillars with intact (cat), or impaired salivary secretions (caut). Mechanically wounded plants were cut in a circular pattern with scissors, but not across the leaf midvein, to mimic caterpillar herbivory. In insect-treated plants, four caterpillars were applied to each plant. S. exigua feed on plants most frequently during the night; therefore, these experiments were conducted at 2100 hours. Thirty and 60 min after the initiation of treatments, leaflets were rapidly separated into local (L) if they had been wounded, while undamaged leaflets adjacent on the same trifoliate were considered systemic (S) and immediately frozen in liquid nitrogen and stored at −80°C. The entire trifoliate was collected from control plants. Four to five plants were pooled for each sample, and the experiment was repeated at least two times.
RNA Isolation and cDNA Synthesis
Total RNA was extracted from 100 mg of M. truncatula leaves, after grinding in liquid nitrogen, using RNAqueous kit (Ambion) according to the manufacturer's instructions. This was followed by isolation of poly(A) + -RNA using the mTRAP kit (Active Motif). This method uses an oligo d(T)-peptide nucleic acid to capture the polyadenylated RNA. Manufacturer's protocol was followed. First strand cDNA synthesis was prepared using the Reflectase Reverse Transcriptase kit (Active Motif). To the first stand reaction, the following was added: 91 μl DEPC-treated water, 30 μl 5× second strand buffer, 0.2 mM dNTP mix (New England Biolabs), 10 U E. coli DNA ligase, 2 U E. coli DNA polymerase I, 2 U ribonuclease H. Enzymes, and second strand buffer were purchased from Invitrogen. The reaction was incubated at 16°C for 2 h in a thermocycler, followed by the addition of 10 U T4 DNA polymerase and incubation at 16°C for 5 min. The reaction was placed on ice and terminated with the addition of 10 μl ethylenediaminetetraacetic acid (EDTA) (0.5 M, pH 8). A non-template control was included in all these manipulations.
cDNA-Amplified Fragment Length Polymorphism cDNA-amplified fragment length polymorphism (cDNA-AFLP) analysis was performed according to Bachem et al. (1998) . cDNA (250 ng) was mixed with 20 U of the endonuclease Taq I (LiCor Bioscience) and incubated at 65°C for 2 h, followed by digestion with 20 U of Mse I endonuclease (LiCor Bioschience) and incubation at 37°C for 2 h. Endonucleases were inactivated by incubating for 20 min at 80°C. Digested cDNA was mixed with equimolar amounts of Taq I and Mse I adapters, which were complementary to the overhangs generated by endonuclease digestion (Table 1) . Samples were denatured by heating to 65°C and cooled gradually to room temperature to allow annealing of complimentary strands and then incubated with 1 U T4 DNA ligase at 20°C for 2 h to generate the primary cDNA-AFLP template.
A 5-to 10-μl aliquot of the primary template was amplified by PCR using oligonucleotide primers complimentary to the ligated adapters (Table 1 ). The PCR program used was as follows: 20 cycles: 94°C, 30 s; 56°C, 1 min; 72°C, 1 min. The resulting PCR product (secondary template) was visualized on a 1% agarose gel and showed a visible smear between 50 and 500 bp. This secondary template was diluted 1:10 with DEPC-treated H 2 O and stored at −20°C.
The secondary template was re-amplified by PCR using two selective base extensions at the 3′ end of the Taq I and Mse I primers. Taq I selective primers were labeled with a 700-nm infrared dye (LI-COR Biosciences). The PCR program used was as follows: 12 cycles: 94°C, 30 s; 65°C [−0.7°C/cycle], 30 s; 72°C, 1 min and 30 cycles: 94°C, 30 s; 56°C, 30 s; 72°C, 1 min. A negative control containing all PCR reagents except secondary template was included in the selective amplification.
cDNA products were visualized on 25-cm-long sequencing gels (0.25 mm thickness) prepared with 10% polyacrylamide gel solution (LongRanger), 7.0 M urea and 1.2×TBE (10×TBE stock: 89 mM Tris, 89 mM boric acid, and 2 mM EDTA). Bands were separated by electrophoresis as follows: 1,500 V and 45 V at 50°C, with a 25-min pre-run and 3.5-h main run. Data images were collected using LI-COR's Saga AFLP Analysis software. Gel images were analyzed visually for the presence of differentially displayed fragments. Fragments were selected based on presence-absence criteria.
After identification of differentially expressed bands, samples were reloaded on 10% polyacrylamide gels and separated under the conditions described above. Gels were removed after 1 h, and a grid was marked on the back glass plate to identify sample lanes along the x-axis and fragment size along the y-axis. The front glass plate was removed, and gels were laid face down on an Odyssey infrared imager (LiCor) and scanned. Target fragments were located within the grid, excised from the gels using a clean razor blade, and transferred to 1.5-ml microcentrifuge tubes. Rescanning allowed verification that the intended band was excised. QIAquick Gel Extraction kit (Qiagen) was used to extract the target fragments from the gel slices. Extracted cDNA was re-amplified using the nonselective TaqI and MseI primers (Table 1 ) and checked on a 1% agarose gel to confirm the presence of a single band.
Differentially expressed bands and a few constitutive bands (50 ng) were isolated and inserted into the pCR 2.1-TOPO vector using the TOPO TA Cloning kit (Invitrogen) according to the manufacturer's instructions, then used to transform OneShot TOP10 Escherichia coli competent cells. Plasmids from selected bacterial colonies, grown overnight in Luria-Bertani broth containing 100 μg/ml ampicillin, were harvested using the FastPlasmid™ Mini kit (Eppendorf) and the insert confirmed by PCR. Purified plasmids containing one insert of the appropriate size were sent to the McGill University and Genome Québec Innovation Center for sequencing using M13F and M13R universal primers.
Sequences were identified through the NCBI genebank, TIGR M. truncatula EST, and plant transcript assembly databases using BLASTn to search sequences and were annotated based on their highest BLAST score with an E value<10 −4 (Table 3 ; Altschul et al. 1990; Altschul et al. 1997; Childs et al. 2007 ). Putatively identified genes were grouped into categories according to their biological function.
Quantitative Real Time-polymerase Chain Reaction
Gene expression patterns were verified by quantitative real time PCR (qRT-PCR). In new biologically replicated experiments, plants were subject to wounding or caterpillar herbivory under conditions outlined above (greenhouse experiment). For each treatment, two independent biological replications were performed. Total RNA was extracted from approximately 100 mg of ground leaf material using the RNeasy Plant Mini kit (Qiagen). A blank control was also taken through the following steps and used as the "no-template control" (NTC). The absence of genomic contamination was verified by amplifying the samples using primers (5′-CTCTCCT GCATTTCCACTTTC -3′ and 5′-TTCTTGACCCTACCAAACATCA -3′) which span an introgenic region. Then a cDNA copy was generated from 1 μg total RNA using the QuantiTech Reverse Transcription kit (Qiagen). Gene-specific primers were designed and transcript expression analyzed by qRT-PCR using an Mx3000p thermal cycler (Stratagene). A standard curve was prepared for each gene using amplicons that had been sequenced for verification. Gene expression was performed in duplicate using the brilliant one-step quantitative RT-PCR kit (Strategene) according to manufacturer's instructions. As well, non-template control (NTC) was included. The reaction mixtures contained 1×SYBR green I, 0.375 nM ROX, 160 nM each of gene-specific forward and reverse primers (Table 2 ), cDNA and the mastermix which contains dNTPs, MgSO 4 , and Taq polymerase. Thermocycler conditions were as follows: 95°C for 10 min; 40 cycles of 60°C for 1 min, then 72°C for 30 s, followed by 95°C for 1 min; one cycle of 55°C for 30 s and 95°C for 30 s. To assess amplicon purity, a dissociation curve was performed. Two plate replicates were completed. From the standard curves, the gene copy numbers were estimated using Mx3000p MxPro v3.20 software.
A constitutively expressed elongation factor 1α gene (MtEF) was identified by cDNA-AFLP. This gene has been determined to be an appropriate reference gene in other plant-stress systems (Nicot et al. 2005) . To verify that MtEF was stably expressed and not affected by treatments, transcript levels were analyzed by a oneway analysis of variance (ANOVA) using SPSS version 15 (SPSS Inc., Chicago, Il; Brunner et al. 2004 ). Relative gene expression was normalized to MtEF gene expression. Results were averaged from two independent biological replications. A 1.8-fold difference in gene expression of enzymes (MtSTR, MtRCA, MtUnk) and a 1.6-fold difference in gene expression of the cellular regulators (MtRPK, MtTF) were determined to be appropriate criteria for difference in transcript expression.
Bioinformatics
Transcript protein sequences were computationally determined using SDSC Biology Workbench (www.workbench.sdsc.edu) using the program Sixframe and compared against orthologous sequences deposited at NCBI Genbank and TIGR databases (Altschul et al. 1997) . Putative genes were assigned functionality based on gene ontology (GO) annotations and percentages calculated based on the number of differentially expressed genes in each functional group divided by the total number of differentially expressed genes identified in this screen × 100. Conserved protein domains were identified by Pfam, Interpro, and ExPASy Prosite (Altschul et al. 1997; Finn et al. 2006; Hulo et al. 2006; Marchler-Bauer et al. 2007; Quevillon et al. 2005; Schäffer et al. 2001) . Putative transmembrane regions were identified by Phobius (Kall et al. 2004) . Nuclear localization was determined using LocTREE (Nair and Rost 2005) .
Results
cDNA-Amplified Fragment Length Polymorphism Analysis
M. truncatula plants were undamaged (cont), mechanically wounded (wnd), or subject to herbivory by caterpillars with intact (intact) or impaired (caut) salivary secretions. Cauterization of the caterpillar spinneret, which prevented labial salivary secretions, was used to enable the discrimination between genes regulated in response to salivary elicitors. One hour after damage, early transcriptional responses to wounding or herbivory were identified by cDNA-AFLP using six selective primer pairs (Fig. 1) (Bachem et al. 1998; Bachem et al. 1996) . Fragments were selected based on presence/ absence and/or differences in signal intensity between treatments. Twenty-five fragments were isolated and sequenced. Genes were identified based on BLASTn comparisons with Medicago truncatula database and plant transcript assemblies available at the Institute for Genomic Research (TIGR) and GenBank (National Center for Biotechnology Information (NCBI)). Occasionally, multiple gene fragments identified the same gene. In all, 16 genes that are putatively differentially expressed in response to wounding and/or caterpillar herbivory were identified (Table 3) . These transcripts include those encoding defense-and stress-related proteins, proteins involved with cell signaling, and photosynthesis-related proteins (Fig. 2) . The identification of several genes encoding proteins involved in cell signaling fits with the hypothesis that changes in plant gene expression are initiated rapidly, within an hour after herbivore damage.
Gene Expression
Expression patterns of five genes encoding rubisco activase (MtRCA), strictosidine synthase (MtSTR), a receptor-like protein kinase (MtRPK), a zinc finger transcription factor (MtRFP), and an unknown protein (MtUNK) were verified by qRT-PCR (Fig. 3) . When normalizing levels of gene expression, it is critical to have a reference gene whose expression is not influenced by the treatments. MtEF was identified by cDNA-AFLP as being constitutively expressed. Across treatments, MtEF gene expression remained constant (one-way ANOVA, 1:5 dilution: F (3, 76) =0.021, P= 0.996, 1:10 dilution: F (3, 36) =0.080, P=0.970, 1:40 dilution: F (3, 43) =0.324, P= 0.808). Therefore, this is an appropriate reference gene for these herbivory experiments and used to normalize gene expression.
For metabolic enzymes, a 1.8-fold difference in gene expression was used to verify changes in transcript patterns in response to treatments (Fig. 3) . For putative cellular regulators, such as the receptor-like protein kinase (MtRPK) and RING finger protein (MtRFP), a 1.6-fold difference in gene expression was an acceptable difference in transcript levels. cDNA-AFLP identified MtRCA to be constitutively expressed with lower levels observed in the caterpillar treatments (intact, cauterized) (Table 3) . qRT-PCR verified that MtRCA is constitutively expressed in control plants (Fig. 3a) . In response to wounding or caterpillar herbivory (intact, cauterized) lower transcript levels were found; a 2-fold difference in gene expression was observed between leaves from control and caterpillar-infested plants. A similar pattern was observed for MtSTR where a 1.8-fold difference was observed between lower transcript levels in wound and caterpillar-treated plants compared to constitutive levels in control plants (Fig. 3b) . This also was in agreement with cDNA-AFLP observations (Table 3) . For transcript levels of the unknown protein (MtUNK), a twofold difference in gene expression was observed between control leaves and plants eaten by caterpillars which had impaired salivary secretions (cauterized; Fig. 3c ). MtUNK expression levels in plants which were wounded or subject to herbivory by caterpillars with normal salivary secretions showing intermediary levels. Again, this closely follows what was observed by cDNA-AFLP (Table 3) .
Two putative regulatory proteins were identified by the cDNA-AFLP screen (Table 3 ). The zinc RING finger protein (MtRFP) was constitutively expressed with lower levels found in plants which were eaten by caterpillars with salivary secretions Nucleotide sequence were compared to the NCBI and TIGR plant transcript assembly databases by BLASTn or tBLASTx (Altschul et al. 1990; Childs et al. 2007 ).
wnd Wound, intact caterpillar with intact salivary secretions, caut caterpillars with impaired salivary secretions, cat caterpillars with intact or impaired salivary secretions (intact) (Fig. 3d) . Bioinformatic analysis predicts that this protein contains four ankyrin repeat domains and a zinc Cys3-His-Cys4 really interesting new gene (RING) finger. In comparison to these genes which show decreased expression in response to treatments, the constitutive putative receptor-like protein kinase (MtRPK) showed higher expression levels in plants infested by caterpillars (both cauterized and intact). These expression patterns were verified by qRT-PCR (Fig. 3e) . A 1.6-fold decrease in gene expression is observed in plants eaten by caterpillars with impaired salivary secretions (cauterized) compared to control plants. For all the genes described, wounded plants show similar expression patterns to plants infested by caterpillar herbivory except for MtRPK which shows caterpillar-specific transcript expression.
Discussion
In response to wounding and/or caterpillar herbivory, 16 genes were identified as putatively expressed and assigned into broad functional groups based on gene ontology (GO) annotations (Table 3 , Fig. 2 ). Several transcripts showing homology to geneencoding proteins involved in photosynthesis and primary metabolism were identified. According to the cDNA-AFLP data, a transcript encoding glyceraldehyde-3-phosphate dehydrogenase (MtGAP) was expressed in plants treated with caterpillars with normal salivary function but not when fed upon by caterpillars with impaired salivary secretions. Therefore, caterpillars which secrete GOX and other salivary elicitors onto the tissue as they are feeding induce MtGAP gene expression. Hancock et al. (2005) identified this protein as a possible H 2 O 2 -sensing protein and suggest that GADPH Fig. 2 Division of Medicago truncatula genes which were putatively identified as differentially expressed in response to caterpillar herbivory or mechanical wounding by cDNA-AFLP according to gene ontology (GO) annotation of biological function (Table 3) may have additional roles in the plant, such as in cellular signaling (Kim et al. 2003 ). This gene is up-regulated in the Solanaceous plants N. attenuata and Solanum nigrum in response to M. sexta herbivory and overrepresented in a wound-induced Poplar (Populus trichocarpa × P. deltoides) expressed sequence tag (EST) library (Christopher et al. 2004; Schmidt et al. 2005) .
Higher transcript levels of GDP-mannose 3,5-epimerase in response to caterpillar herbivory were found by cDNA-AFLP. In plants, this enzyme catalyzes a key step in the biosynthesis of ascorbate. This vitamin is not only an important enzymatic cofactor but also associated with plant stress responses, acting both as a strong antioxidant and a mediator in plant stress responses (Pastori et al. 2003; Pavet et al. 2005; Smith et al. 2007) . Expression levels of GDP-mannose 3,5-epimerase are Wound-and caterpillar-specific Medicago truncatula gene expression. M. truncatula plants were undamaged (control) or subject to mechanical wounding (wound) or herbivory by caterpillars with intact (intact) or impaired (cauterized) salivary secretions. Transcript expression patterns of five genes a MtRCA, b MtSTR, c MtUnk, d MtRFP, and e MtRPK, which encode rubisco activase, strictosidine synthase, an unknown protein, a RING finger protein and a receptor-like protein kinase, respectively, were analyzed by qRT-PCR using gene-specific primers shown in Table 2 . Gene copy number was calculated from the standard curve and bars represent transcript levels normalized using elongation factor (MtEF) as a reference gene. The experiment was repeated with similar results induced in tobacco BY-2 suspension cultures by treatment with the wound-related phytohormone methyl jasmonate (MeJA), which together with this cDNA-AFLP data suggests that ascorbate may also play a role in plant defense against caterpillar herbivory (Wolucka et al. 2005) . In response to caterpillar herbivory, plants often redirect metabolic flux from primary pathways into secondary metabolism; therefore, a reduction in photosynthesis and lower gene expression of photosynthetic-related genes may be observed (Hermsmeier et al. 2001; Schmidt et al. 2005; Zangerl et al. 2002) . Genes encoding photosynthetic-associated genes, such as ribulose-1,5-bisphosphate carboxylase/ oxygenase activase (rubisco activase; MtRCA) and plastocyanin (MtPC), were constitutively expressed. In response to caterpillar herbivory, cDNA-AFLP analysis found that caterpillar-infested M. truncatula plants had higher expression levels of MtPC. In comparison, transcript levels of MtRCA were lower in caterpillar-treated plants. This was verified by qRT-PCR where gene expression in control plants is approximately twofold higher than wound-or caterpillar-treated plants. Similar patterns of gene expression have been observed in Nicotiana longiflora-Manduca sexta interactions (Izaguirre et al. 2006) . In contrast, NaRCA transcription is induced after 24 h of infestation of N. attenuata with the piercing/sucking mirid bug Tupiocoris notatus (Voelckel and Baldwin 2003) . Rubisco activase, a regulatory enzyme of photosynthesis, is controlled at many levels, including transcriptionally and in response to biotic and abiotic stresses, including drought (DeRidder and Salvucci 2007; Portis 2003; Zhang et al. 2002) . Under favourable environmental conditions, rubisco activase maintains the functionality of the photosynthetic enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) by actively removing inhibitory carbohydrates from the Rubisco substrate binding site. However, rubisco activase is extremely sensitive to heat stress or drought which results in decreased activity and, hence, lower photosynthesis levels. As a caterpillar feeds on the plant leaf, the exposed tissue is subject to water losses (Tang et al. 2006) . Therefore, decreases in MtRCA transcript expression in response to caterpillar herbivory may be related to water evaporation from herbivore-wounded leaves.
Expression of another gene, MtABA1, identified by cDNA-AFLP to be regulated in a caterpillar-specific manner, is also associated with drought and salinity stress (Xiong et al. 2002) . This gene encodes the enzyme zeaxanthin epoxidase which catalyzes two early steps in the biosynthesis of abscisic acid (ABA), which regulates stomatal closure (Borel et al. 2001; Israelsson et al. 2006 ). This, again, suggests that water losses from the leaves during herbivory, even if minor, may affect downstream transcriptional responses. ABA has been implicated in the regulation of Arabidopsis thaliana responses to herbivory by caterpillars of the cabbage white moth, Pieris rapae, and Egyptian cotton worm, S. littoralis (Bodenhausen and Reymond 2007) . In comparison, ABA levels measured in corn are not affected by herbivory with caterpillars of the corn earworm, Heliocoverpa zea (Schmeltz et al. 2003) .
Genes involved in plant defense were also identified by cDNA-AFLP. Transcript levels of genes encoding chalcone synthase (MtCHS) and strictosidine synthase (MtSTR) were lower in plants subject to wounding or caterpillar herbivory. Chalcone synthase catalyzes the first committed step in flavonoid biosynthesis, and CHS expression levels are often induced in response to mechanical wounding, insect herbivory, or treatment with jasmonic acid or related compounds (Richard et al. 2000; Ryder et al. 1987; Sakuta 2000) . Lower transcript levels observed by cDNA-AFLP were not expected. However, chalcone synthase (MtCHS) is a large gene family with at least ten members. Global expression analysis of M. truncatula tissue cultures which were treated with MeJA shows four members of this gene family that have lower transcriptional levels 24 h after treatment (Ryder et al. 1987) .
Strictosidine synthase catalyzes the condensation of tryptamine and secologanin to form strictosidine, the backbone of terpenoid indole alkaloids (TIAs). Little is known about the role of indole alkaloids in M. truncatula but increasing evidence suggests that alkaloids may play a defensive role in legumes (Phan et al. 2007; Tellström et al. 2007 ). Strictosidine, itself, does not have antifeedent activity, but may be an intermediate to more toxic alkaloids (Luijendijk et al. 1996) . MtSTR gene expression was transcriptionally regulated in response to herbivory with lower levels detected in plants damaged by wounding or infested with caterpillars with normal salivary secretions. In comparison, STR gene expression in induced in response to mechanical wounding in Arabidopsis and wounding and herbivory by caterpillars of the diamondback moth, Plutella xylostella in the related Brassicacea canola, Brassica napus (Cheong et al. 2002; Sarosh and Meijer 2007) ; however, gene expression was only noted 6 h after treatment. In Catharanthus roseus, strictosidine synthase transcript expression is regulated in a jasmonate-dependent manner by ORCA transcription factors (Memelink and Gantet 2007; van der Fits and Memelink 2000) . Again, these differences may represent species-specific approaches to plant defenses. C. roseus is recognized for using TIAs as part of its defense against insect herbivores (van Dam et al. 1993) . In comparison, isoflavonoids and triterpene saponins are believed to play a role in protection of M. truncatula aerial tissues (Achnine et al. 2005; Agrell et al. 2003; Naoumkina et al. 2007; Suzuki et al. 2005; Urbanczyk-Wochniak and Sumner 2007) .
cDNA-AFLP identified a wound-induced ATP-binding cassette (ABC)-related transporter. This protein superfamily hydrolyze ATP to drive the translocation of compounds, such as alkaloids, terpenoids and phenolics, across membranes and, therefore, may be an important part of the plant defense response against insect herbivory (Rea 2007; Yazaki 2006) . The rapid decrease of transcript levels of an ABC-transporter observed after M. sexta caterpillar feeding on Nicotiana attenuata is followed by steadily increase to peak levels at 12 h (Hui et al. 2003) . Induced transcript expression of ABC transporters was also observed in M. truncatula suspension cultures treated with the wound-related hormone methyl jasmonate (Naoumkina et al. 2007) .
Three genes which encode proteins of unknown function were identified by this experiment. The expression pattern of MtUnk (homology to AC167959.39) was verified by qRT-PCR and shown to have constitutive expression with lower transcript levels in response to caterpillar herbivory.
In the differential screen, three putative genes involved in cellular signaling were identified. A transcript fragment with high homology to a NF-Y transcription factor appears to be induced in plants exposed to caterpillar herbivore. NF-Y belongs to a family of CCAAT-box binding transcription factors that are often involved in plant development and stress responses (Mantovani 1999; Nelson et al. 2007 ). In wheat, Triticum aestivum, 11 TaNF-Y-related genes were transcriptionally regulated in response to drought stress (Stephenson et al. 2007) ; again, suggesting a link between caterpillar herbivory and plant responses to water stress in locally wounded leaves.
Zinc RING finger proteins are involved in the cellular regulation of many plant physiological processes (Takatsuji 1998) . These proteins are predicted to have four ankyrin repeat domains and a Cys3-His-Cys4 zinc finger domain. Ankyrin repeats are involved in protein-protein associations (Mosavi et al. 2004 ). The predicted RING finger conformation forms a cross-brace which is coordinated by two zinc ions; this forms a highly stable scaffold for molecular interactions, and these proteins are involved in protein-protein, protein-RNA, and protein-DNA interactions (Brown 2005; Gamsjaeger et al. 2007; Kosarev et al. 2002; Tatatsuji 1998) . Recently, zinc RING finger proteins have been recognized as E3 ubiquitin ligases that target proteins for ubiquitination and proteosome-mediated degradation (Aravind and Koonin 2000; Gamsjaeger et al. 2007) . MtRFP is constitutively expressed in M. trunctula leaves, and levels decrease upon wounding or caterpillar herbivory. A microarray study also identified zinc finger RING proteins that are differentially expressed in response to wounding (Cheong et al. 2002) . Bioinformatic analysis has predicted that MtRFP is nuclear; therefore, this protein may be involved in transcriptional regulation either by interacting directly with the genome or functioning as a scaffold in protein-protein interactions with a transcription factor. Many plant cellular regulators, including jasmonate ZIM-domain (JAZ) proteins which regulate jasmonate-dependent gene expression, function as negative regulators (Broun 2004; Singh et al. 2002; Thines et al. 2007 ); therefore, the lower MtRFP levels observed in response to wounding and herbivory may result in the induction of plant defense gene expression. Alternatively, MtRFP may function as an E3 ubiquitin ligase. Many members encoded by this gene family, such as tomato LeATL6 and Arabidopsis COI1, are involved in the regulation of jasmonateassociated plant responses to stresses (Hondo et al. 2007; Smalle and Vierstra 2004; Xu et al. 2002) .
A constitutive receptor-like protein kinase (MtRPK) was identified as induced in response to caterpillar herbivory by cDNA-AFLP. This was verified by qRT-PCR; a 1.6-fold increase in transcript expression is observed in plants fed upon by caterpillars with intact or impaired salivary secretions. This response is caterpillar-specific, as gene levels in wound and control plants are similar. Receptor protein kinases are key players in plant signal transduction pathways (Haffani et al. 2004; Shiu and Bleecker 2001) . The receptor protein kinase identified in this screen has a predicted transmembrane domain, an ATP-binding site, and serine/threonine kinase activity.
The robust differential display technique cDNA-AFLP identified promising candidate genes which were expressed in a wound-and/or caterpillar-specific manner. Expression patterns of five of these genes were verified by qRT-PCR. This study has shown that M. truncatula initiates transcriptional changes within an hour of suffering caterpillar herbivory. Though most transcripts examined were constitutively expressed and lower levels observed in plants which were wounded or subject to caterpillar herbivory, MtRPK levels increased in a caterpillar-specific manner. None of the five transcripts, however, showed differential patterns which reflected the presence or absence of caterpillar salivary secretions. Together, these results provided evidence that M. truncatula is able to respond quickly and specifically to herbivory and wounding. research was supported through grants from the National Sciences and Engineering Research Council, Infrastructure Operating Fund and Fonds Québécois de la Recherche sur la Nature et les Technologies (FQRNT). Instruments used in this research were purchased through grants from the Canadian Foundation for Innovation.
